Although calmodulin (CaM) is known to play multiple regulatory roles in eukaryotes, its direct function as transcriptional regulator is unknown. Furthermore, the physiological functions of CaM are largely unknow n in plants. Here, we show that one of the four Arabidopsis thaliana CaM isoform s, CAM7, is a transcriptional regulator that directly interacts with the promoters of light-inducible genes and promotes photomorphogenesis. CAM7 overexpression causes hyperphotomorphogenic growth and an increase in the expression of light-inducible genes. Mutations in CAM7 produce no visible effects on photomorphogenic growth, indicating likely redundant gene functions. However, cam7 muta nts display reduced expression of light-inducible genes, and cam7 hy5 double mutants show an enhancement of the hy5 phenotype. Moreover, overexpression of CAM 7 can partly suppress the hy5 phenotype, indicating that the two factors work together to control lightinduced seedling development. The mutational and tran sgenic studies, together with physiological analyses, illustrate the concerted functi on of CAM7 and HYS basic leucine zipper transcription factor in Arabidopsis seedling development.
INTRODUCTION
Calmodulin (CaM) is ubiquitous in eukaryotes and is a highly conserved Ca 2 + binding protein that plays multiple regulat ory functions responding to a wide variety of stimuli (Berridge et al. , 2000 ; Hepler, 2005) . CaM has a common helix-loop-helix structure, the EF-hand , which is known to perform its regulatory function by modulating the activity of specific CaM binding proteins. CaM regulation of basic-helix-loop-helix transcription factors has been reported , where CaM inhibits the DNA-protein interactions by competing with the DNA binding domains of the basic -helix-loop-helix proteins (Corneliussen et al. . 1994) . Interestingly, rece nt studies have shown that some proteins with EFhands have the ability to directly interact with DNA. For example . the human DRE antagonist modu lator (DREAM) has four EFhands and specifically interacts with the DNA DRE element (Carrion et al. , 1999; Gilchrist et al. , 2001 ; Craig et al. . 2002) . Various studies have shown that Ca 2 +/CaM is involved in multiple signaling pathways in plants (Miller and Sanders. 1987; Braam and Davis, 1990; Knight et al. , 1991; Szymanski et al. , 1996; Yang and Poovaiah, 2002; Yoo et al. . 2004) . The Arabidopsis thaliana genome contains seven CAM genes that encode only fou r protein isoforms: CAM1 /CAM4, CAM2/CAM 3/CAM5, CAM6 , and CAM?. The CAM? protein sequence shows th e most similarity to consensus among all the members of the fami ly, but all the CAM isoforms are very hig hly conserved . CAM1/CAM 4 differs from CAM? by four amino acids, whereas CAM2/ 3/ 5 1 Address correspondence to sudipchatto@yahoo.com. The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantcell.org) is: Sudip Chattopadhyay (sudipchatto@yahoo.com). il'llOnline version contains Web-only data. www.plantcell.org/cgi/doi/1 0.11 05/tpc.1 07.05 7612 and CAM6 differ from CAM? by a single amino acid substitution (McCormack et al., 2005) .
Arabidopsis seedlings grow with two distinct developmental patterns in the presence and absence of light (Nagy and Schaefer, 2002; Chen et al. , 2004; Huq and Quail . 2005) . The dark-grown seed lings exhibit elongated hypocotyls and closed cotyledons with apical hooks , designated as skotomorphogenic growth. When exposed to light , seedlings grow with a short hypocotyl and open and expanded cotyledons, known as photomorphogenic growth . The expression of light-inducible genes, which remains suppressed in the dark, is strongly induced during photomorphogenesis. A complex molecular network operates to sense the dark-light transitions an d regulate the seedling morphology an d gene expression accordingly (Jiao et al., 2007) . The basic leucine zi pper transcription factor, Long Hypocotyl5 (HY5), plays an important role in the transition from skotomorphogenesis to photomorphogenesis. The loss-of-function mutants of HYS display partial photomorphogenic growth at various wavelengths of light with reduced expression of light-regulated genes . The abundance of HY5 protein has been corre lated with the extent of photomorphogenic growth (Osterlund et al., 2000) . Recently, genome-wide promoter target studies have revealed that there are >3000 chromosomal sites in the Arabidop sis genome that have putative HY5 binding targets (Lee et al., 2007) The homeostasis of Ca 2 + has been shown to be associated with blue/UV-A light-induced gene expression (Long and Jenkins, 1998) . A recent genetic study using SHORT UNDER BLUE L/GHT1 (SUB 1) has suggested the possible involvement of local Ca 2 + concentratio n change in phytochrome-and cryptochromemediated light signaling . Biochemical and pharmacological studies have revealed three branched pathways of light-induced gene expression. In one of these pathways, CaM has been shown to be involved in the regulation CAB gene expression (Neuhaus et al. , 1993 (Neuhaus et al. , , 1997 Bowler et al. , 1994) . All these stud ies suggest that Ca 2 +/CaM is involved in lightmediated seedling development and gene expression. However, the molecular and physiological function of CaM or stru cturally related Ca 2 + binding protein , which interprets and specifically tra nsduces the information into appropriate cellular responses , remains largely unknown (Veitia, 2005) .
The activity of a CAB1 minimal promoter containing an essential Z-box light-respons ive element (LRE) is controlled by HY5 (Yadav et al. , 2002) . Recentl y, two Z-box binding transcription factors , ZBF1 / MYC2 and ZBF2/GBF1, have been identified from a ligand binding screen and shown to function in cryptochromemediated blue light signaling . In this study, we demonstrate the functional relevance of ZBF3 , encoding CAM? , in light-mediated seedling development and gene expression.
RESULTS

CAM7 Specifically Binds to the Z-/ G-Box of Light-Regulated Promoters
We had identified and cloned ZBF3/CAM7, which was represented by three independent eDNA clones in a ligand binding screen . The DNA binding analyses, which examined binding of labeled probe DNA sequences to proteins immobilized on nylon membranes, revealed that ZBF3/CAM 7 was able to specifically bind to the Z-box LRE (Figures 1 A and 1 B). To further examine the results obtained from these analyses, we performed electrophoretic mobility shift assays (EMSAs) using CA B1 minimal promoter containing an essential Z-box and purified glutathione S-transferase-CAM? (GST-CAM7) fusion protein . As shown in Figure 1C , GST-CAM7 was able to bind to the Z-box of CAB1 minimal promoter. Excess unlabeled Z-box DNA, but not a nonspecific competitor (GT1 LRE ; , was able to compete for the binding activity of GST-CAM7. Since recent studies have suggested that the z-and G-box LREs are functionally equivalent , we also investigated the bind ing ability of CAM? to the G-box. As shown in Figure 1 D, CAM? could specifically bind to the essential G-box of RBCS-1A minimal promoter. Taken together, these results suggest that CAM? specifically binds to the Z-/G-box of lig ht-regulated CAB1 and RBCS-1 A minimal promoters .
It has been postulated that substitution of amino acid in the EFhand could contribute to select the target specificity of CaM (McCormack et al. , 2005) . CAMs have highly conserved amino acid sequences , and th e amino acid sequence of the CAM2/ 3/ 5 isoform differs from CAM? by a single amino acid substitution (Figure 1 G) . To determine whether CAM2/3/5 was also able to interact with the Z-box , EMSAs were performed using purified GST -CAM3 fusion protein and CAB 1 minimal promoter as probe. However, no DNA-protein complex was detected; thereby, these results suggest that CAM2/3/5 is unable to bind to the CAB1 minimal promoter (Figure 1 E) . To further test this observation , we generated mutated versions of CAM?, CAM? -M 1 and CAM7-M2, by site-directed mutagenesis. Whereas two Asp residues of CAM? were substituted by Ala in CAM? -M1, four Asp residues were substituted by Ala in CAM? -M2 protein ( Figure 1G ). We used purified GST-CAM7 -M1 or GST-CAM7-M2 fusion proteins in EMSAs (see Supplemental Figure 1 online). None of these mutated versions of CAM? was also able to bind to the CAB1 minimal promoter (Figure 1 F) . Taken together, these results suggest that CAM? is likely to be a unique member of the CAM gene family that directly binds to the Z-/G-box of lightregulated promoters.
Overexpression of CAM7 Leads to Hyperphotomorphogenic Growth Irrespective of Light Qualities
To investigate the physiological function of CAM? in lightmediated seedling development, 27 Arabidopsis transgenic lines overexpressing CAM? fused to three copies of c-Myc epitope were generated. The c-Myc epitope was fused to either the C-or N-terminal end of the CAM? protein, and the proteins showed high levels of accumulation in the transgenic lines ( Figure 2G ) . The transgenic seedlings exhibited short hypocotyl phenotype at various wavelengths of light, including red (RL). far-red (FR), and blue light (BL) (Figure 2A ). Measurements of hypocotyl length revealed that the enhanced inhibition of hypocotyl elongation was more evident at lower fluence rates especially in RL-or FAgrown seedlings (Figures 2C to 2F) . Strikingly, the transgenic seedlings displayed a weak photomorphogenic growth with shorter hypocotyl and partly opened cotyledons without apical hooks in the darkness (Figures 2A and 2B ). The overexpresser transgenic seedlings also showed higher levels of chlorophyll in light and of anthocyanin in both dark and light growth conditions (Figures 2H to 2J) . Taken together, these results suggest that overexpression of CAM ? induces a partial photomorphogenic development in the dark and also promotes photomorphogenic growth in various wavelengths of light.
CAM7 Interacts with CAB1 Minimal Promoter in Vivo and Promotes Light-Induced Gene Expression
To determine whether CAM? was able to promote the transcriptional activity of light-regulated genes, we performed RNA gel blot analysis using transgenic seedlings grown in constant dark or light. The expression of CAB was strongly elevated in transgenic seedlings compared with the wild type in white light (WL) (Figures 3A and 3E) . Whereas very little expression, as expected , of CAB was detected in wild-type background in the dark, the expression was strikingly elevated in transgenic seedlings. To determine the light-controlled expression of the CAB or RBCS gene, 5-d-old dark-grown seedlings were transferred to WL for various time points. The level of expression was further elevated in transgenic seedlings compared with wild-type background ( Figure 3B ). Taken together, these results provide evidence that CAM? acts as a positive regulator of CAB and RBCS gene expression.
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A.rabidopsis seedlings grow with two distinct developmental paHerns 1 n the presence and absence of light (N agy and Schaefer, 2002 : Huq and Quail, 2005 . The dark-grown seed lings exhibit elongated hypocotyls and closed cot : ledons with apical hooks, designated as skotomorphogenic growt h. When exposed to light, seed lings grow with a short hypocotyl and open and expanded cotyl edons, known as photomorphogenic growth. The expression of light-inducible genes, which remains suppressed in the dark, is strongly induced during photomorphogenesis. A complex molecular network operates to sense the dark-light transitions and regulate the seedling morphology and gene expression accordingly (Jiao et al. , 2007) . The bas1c leuc1ne zipper transcription factor , Long Hypocotyl5 (H Y5}, plays an important role in the transition from skotomorphogenesis to photomorphogenesis. The loss-of-function mutants of HYS display partial photomorphogenic growth at various wavelengtrs of light with reduced expression of light-regulated genes . The aoundance of HYS protein has been correlated with the extent of photomorphogenic growth (Osterlund et al. , 2000) . Recen :ly, genome-wide promoter target studies have revealed that tr ere are >3000 chromosomal sites in the Arabidopsis genome that have putative HY5 binding targets (Lee et a!. , 2007) The 'lomeostasis of Ca 2 + has been shown to be associated wrth blue/UV-A light-induced gene expression (Long and Jenkins, 1998) . A. recent genetic study using SHORT UNDER BLUE LIGHT1 (SUB1 ) has suggested the possible involvement of local Ca 2 • co1cen tration change in phytochrome-and cryptochromemediated light s1gnaling 
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The specificity of interaction of CAM? to the Z-box. The blotted nylon membrane was cut into two halves and probed with the Z-box or GATA LRE (Yadav et al. , 2002) . (C) EMSAs showing GST -CAM? (CAM?) specifically binds to the Z -box of 189-bp CAB 1 minimal promoter . Approximately 200 ng of recombinant protein was added (lanes 3 to 6) to radioactively labeled CAB1 promoter fragment. Approximately 500 ng GST protein was added in lane 2.
The triangle indicates the increased amount of unlabeled Z -box DNA added (50 and 100 molar excess in lanes 4 and 5, respectively) to the reaction as competitor (Comp.). In lane 6, 100 molar excess GT1 LRE (Yadav et al. , 2002) CAM 7-c-Myc were analyzed by real-time quantitative PCR. The analyses of these data revealed that the amount of DNA fragment of CAB1 promoter coimmunoprecipitated from the transgen1c seedlings was >30-fold higher than that precipitated from the nontransgenic seed lings , and --1 0-fold higher than the N IA2 promoter, wh ich is tnduced by light but does not contain any Z -/G-box LRE ( Figure 3C ). Th ese results demo nstrate that CAM? binds to the CAB 1 mi nimal promoter in v1 vo .
To determine wh ether CAM? binding to the Z-box is required for th e in vivo act1vation of CAB 1 promoter, we used CAB 1 rnin tmal p romoter containing either wi ld type or mutated Z-box fused to the f\-glucuron idase reporter gene construct (CAB1 promoter-GUS or CAB1m promoter-GUS). We exami ned the activity of these pr omoters in transiently transformed protoplasts made from wild -type or CAM? overexpresser transgenic plants (OE1). Th e activity of CAB 1 promoter was inc reased by more !nan twofold in OE1 compared with wild-type background, confirming that CAM 7 promotes CAB 1-GUS expression. By contrast. overexpression of CAM? was unable to activate the CAB 1m promoter 1 n vivo (Figure 30 ). Together . the above results CAM7-c-Myc were analyzed by real-time quantitative PCR. The analyses of these data revealed that the amount of DNA fragment of CAB1 promoter coimmunoprecipitated from the transgenic seedlings was >30-fold higher than that precipitated from th e nontransgenic seedlings, and -1 0-fold higher than the NIA2 promoter, which is induced by light but does not contain any Z-/ G-box LRE ( Figure 3C ) . These results demonstrate th at CAM? binds to the CAB1 minimal promoter in vivo.
To determine whether CAM? binding to the Z-box is required for the in vivo activation of CAB1 promoter, we used CAB1 minimal promoter containing either w ild type or mutated Z-box fused to the [3 - (A) Identification of CAM ? in a ligand bind 1ng (prote1 n/ DNA gel b lot) screen. The c lotted nylon membrane (containing protein-expressing p laq ues from the tertiary sc reen for prot eins that bind to the Z-box) was probed with the radioac tively labeled Z-box LRE .
(B) The specificity of interaction of CAM ? to the Z-box. Th e b loned nylon membrane was cut into two halves and probed with the Z-box or GATA LRE (Yadav eta!. 2002) . demonstrate that CAM? acts as a transcriptional activator of CAB1 promoter in vivo and the Z-box is essential for such activation mediated by CAM? protein.
Overexpression of CAM7-M2 Confers Possible Dominant-Negative Effects
To investigate the physiological function of the mutated version of CAM? protein, which lost DNA binding ability due to amino acid substitutions ( 
Loss-of-Function Mutants of CAM7 Have Reduced Expression of Light-Inducible Genes
To determine whether loss of CAM7 function would lead toreduced photomorphogenesis, we searched for mutants in T -DNA knockout collections (Alonso et al., 2003) . We identified two such T -DNA insertion knoc kout lines (cam 7-1 and cam 7-2) and performed PCR genotyping analyses to identify plants homozygous or heterozygous for a cam 7 mutation (see Supplemental Figure 2 online). The segregation ratios of self-fertilized plants heterozygous for cam7, determined by the genotyping PCR on T2 progeny, suggested that a singleT-DNA locus was present in each of the cam7 mutant lines. The junctions of T-DNA and CAM? were amplified by PCR, and the DNA sequence analyses revealed that the T-DNA was inserted in nucleotide position 225
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• wr demonstrate that CAM? ac ts as a transcriptional acti vator of CAB 1 prom oter in vi vo and the Z -box is essential for such activation m ediated by CAM ? protein.
Overexpression of CAM7-M2 Confers Possible Dominant-Negative Effects
To investigate the physiological function of the mutated version of CAM ? protein , which lost DNA binding ability due to amino acid substitutions (Figure 1 G) , we constructed a series of 32 transgenic lines overexpressing CAM7 -M2 ( Figure 4G ). Examination of 2-to 6 -d -old transgenic seedlings d id not show any altered morphology in the dark . However, 6-d -old WL-grown transgenic seedli ngs displayed a longer hypocotyl com pared with the correspo nding w ild type ( Figure 4A ). Furt hermore, the transgenic seedlings disp layed elongated hypocotyls 1n all light conditions tested co mpared w ith the c orresponding wil d type ( Figure 4A ). (Fig ure 4F) .
Los s-of-Function M utant s of CAM7 Have Reduced Expression of Light-Inducible Genes
To determ ine w hether loss of CAM 7 fu nction woul d lead toreduced ph otomorphogenesis, we searched for mutants in T-DNA knockout c oll ections (A lonso et al. , 2003) . We identified two such T -DNA insertion kno c kout lines (cam 7-1 and cam 7-2) and performed PCR genotypmg analyses to id ent ify plants homozygous or heterozygous for a cam 7 m utation (see Supplemental Figure 2 on line). The segregation rat ios of self-fertil ized plants heterozygous for cam 7, determined by the genotyping PCR on T2 progeny, sugg ested that a single T -DNA locus was present in each of the cam 7 mutant lines. The junctions of T -DNA and CAM7 were amplified by PCR , and the DNA sequence analyses revealed that the T -DNA was inserted in nucleotide position 225 and 113 bp upstream to the ATG codon of CAM7 in cam7-1 and cam7-2 mutants, respectively (see Supplemental Figure 2A online). RT-PCR analyses were unable to detect any CAM7 mRNA in either of the cam7 mutant li nes (see Supplemental Figure 28 online). When the growth of cam7 mutant seedlings was examined in dark and in various light conditions, cam 7 mutants grew normally in the dark and at various wavelengths of light tested , showing no sign of altered photomorphogenic growth ( Figures SA and SC) . These results indicate that CAM7-mediated inhibition of hypocotyl elongation is functionally redundant. However, the level of CAB 1 and RBCS-1A expression was compromised in cam7 mutants (P value< 0.03 ; n = 4), thereby suggesting that CAM7 is required for the optimum expression of CAB 1 and RBCS-1 A genes ( Figure 4H ).
CAM? and HY5 Functi on in an Independent and Interdependent Manner to Promote Photomorphogenesis
HY5 is thus far the only known transcription factor in light signaling that promotes photomorphogenesis in RL, FR, and 8L. Since higher-level accumulation of CAM7 also leads to hyperphotomorphogenic growth irrespective of light qualities, we asked whether HYS and CAM7 are functionall y interrelated . We constructed cam7 hy5 double mutants and examined the genetic interactions between cam7 and hy5. Similar to hy5 or cam7 single mutants, cam7 hy5 double mutants did not show any altered growth in the dark. Howeve r, the characteristic long hypocotyl phenotype of hy5 in WL irradiation was further enhanced in cam7 hy5 double mutants, exhibiting a super tall phenotype ( Figure SA) . Furthermore, as shown in Figure SA , cam7 hy5 double mutants also displayed reduced sensitivity in RL, FR, and BL compared with hy5 single mutants. Measurements reveal ed that the hypocotyl length of cam 7 hy5 double mutants was strikingly increased compared with hy5 or cam7 alone, indicating a synergistic effect of cam7 and hy5 mutations on hypocotyl length irrespective of light qualities (Figure SC; see Supplemental Figures 3A to 3C online) . The expression of lightregulated genes has been shown to be downregulated in hy5 mutants ). When tested , the level of CAB 1 and RBCS-1 A gene expression was 
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found to be further reduced in cam7 hy5 double mutants compared with the cam7 or hy5 mutant background ( Figure SG) . A genomic fragment containing CAM7 and 1.5 kb of its upstream sequence was introduced into the cam7 hy5 double mutant plants for a complementation test. The transgenic seedlings did not display the super-tall phenotype, and the expression of lightregulated genes was also restored to hy5 mutant levels ( Figures  5E and 5G ). These results confirm that the observed super-tall phenotype of cam7 hy5 double mutants was caused by the additional loss of CAM 7 fu nction. To further test this observation , we introduced the 35S-CAM7-c-Myc transgene from the overexpresser transgenic lines (OE1 and OE2) into hy5 mutant background by genetic crosses. The higher level of CAM7 protein in hy5 transgenic seedlings was indeed able to suppress the elongated hypocotyl phenotype of hy5 (Figures 58 , 50 , an d SF) . When examined under various wavelengths of light, the hy5 phenotype was significantly suppressed in transgenic hy5 seedlings grown in RL, FR, and BL ( Figure 58 ; see Supplemental Figures 3D to 3F online). Furthermore, similar to OE1 , hy5 transgenic seed lings also displayed partial photomorphogenic growth with slightly reduced hypocotyl length in the darkness. However, unlike OE 1, the c otyledons remained closed with apical hooks in hy5 transgenic seed lings in the darkness (Figures 58, dark, an d 50) . The lower-level expression of light-inducible genes, such as CAB1 and RBCS-1A , in hy5 mutants was also restored in hy5 transgenic seedlings ( Figure SG) . Taken together, these results suggest that CAM7 and HY5 function in an independent and interdependent manner to promote photomorphogenic growth and light-regulated gene expression .
The Accumulation of CAM ? Protein Is Dependent on Light Intensity
Since abundance of HYS protein has been correlated with the extent of photomorphogenic growth, we asked whether CAM7 protein also accumulated in a similar fashion correlating with photomorphogenic growth. To address this question, we fi rst used 6-d -old constant dark-or WL-grown CAM7-c-Myc overexpresser transgeni c seedlings for immunoblot analysis. The accumulation of CAM 7 protein was significantly reduced in WL (A) Visible phenotypes of 6-d-old wild-type (Col), and transgenic seedlings grown in various light conditions. In each panel , wild-type (Col), OE1 , 0Em1, 0Em2 , and 0Em3 seedlings are shown from left to right, respectively. (F) The abundance of CAB1 and RBCS-1A transcripts in total RNA from wild -type (Col) and CAM7-M2 overexpresser transgenic seedlings (0Em1) grown in dark (0) for 5 d and then transferred to white light (30 f.Lmollm 2 / s) for various time points was determined by quantitative real-time PCR, and the transcript levels were normalized to the level of ACTIN2 transcript abundance. Error bars represent so (P < 0.01 between Col versus 0 Em1 at each time point exposed to light; n = 3) .
(G) RT -PCR results (using CAM7-specific primers) show the level of expression of CAM 7-M2 in overexpresser transgenic lines (0Em1, 0Em2, and 0 Em3) or in the corresponding wild-type (Col) background. Actin band shows the loading control. M indicates molecular weight markers (1 00-bp ladder), and the dot shows a DNA fragment of 500 bp. compared with dark-grown seedlings ( Figure 6A ), which is contrary to the accumulation pattern of HY5 protein under si milar conditions. We then examined whether the reduced accumulation of CAM? protein in WL was dependent on light intensity. As shown in Figure 68 (bottom panel), the accumulation of CAM? protein decreased with increase influence rates of WL in overexpresser transgenic lines (OE1 ). Whereas the level of accumulation of CAM? protein was slightly reduced at 5 ,...mollm 2 / s, it was further reduced at 15 or 30 ,...mol/m 2 / s and strikingly reduced at 60 ,...mol/ m 2 / s or higher fluence rates of WL. The enhanced inhibition in hypocotyl elongation , caused by higher level of CAM? protein, was also gradually reduced with higher fluence rates of WL, suggesting a likely correlation between the level of CAM? protein and the extent of hyperphotomorphogenic growth of the transgenic seed lings. To determine whether WL-mediated red uction of CAM? protein is wavelength specific , we examined the level of CAM? protein in 6-d-old seedlings grown at low or relati vely high intensities of RL, FR , and BL. As shown in Figure 6C , similar to WL, CAM? protein was strikingly reduced at higher fluen ce rates of RL and BL, although the accumulation of CAM? was largely maintained at higher fluence rates of FR .
>-
I 0 • CABI • RBCS-1A Figure 5.
DISCUSSION
The primary structures of CaMs are highly similar in plants and animals with respect to their Ca 2 + binding loops an d E and F helices. The topology of the EF-hand motif of CaM is similar to the helix-turn-helix DNA binding domain of various transcri ption factors that can recognize the major groove of DNA. Examination of amino acid sequences of all four subgroups of Arabidopsis CaM family reveals that all CAM proteins, except CAM? , have at least one amino acid substitution compared with CAM? (McCormack et al. , 2005) . The binding of CAM? , but not CAM2/ 3/ 5, CAM7-M1 , or CAM? -M2 , to the Z-/ G-box of light-regulated promoters supports the notion that although four Arabidopsis CaM isoforms have very similar amino acid sequences, substitution of amino acids in the EF-hand region may contribute to select target specificity. Consistent with this notion, the human DREAM , which has four consensus EF-hands , specifically binds to the ORE element (Carrion et al. , 1999) . It is worth mentioning here that the Z-box (ATACGTG1) and G-box (CACGTG) motifs recognized by CAM? in this study have very similar (or identical in the case of the G-box) sequence to the recently identified Ca 2 +-responsive element (CACGTG[f/C/G]) (Kaplan et al., 2006) . A detailed nuclear magnetic resonance study using various isoforms and mutated versions of CAM? in the presence or absence of Z-/G-box would address the question of how amino acid substitution alters the target specificity of CAM?.
It has been shown that change in Ca 2 + flux plays important regulatory functions in sensing dark-light transition of Arabidopsis seedlings (Sai and Johnson, 2002) . Furthermore, the ro le of Ca 2 +/CaM in phytochrome signaling has been postulated , and the potential connection between light and Ca 2 +/CaM signaling has started emerging , especially with the identification and functional characterization of SUB1 , a Ca 2 + binding protein operative in both cryptochrome -and phytochrome-mediated light signaling ). Recent studies have also shown the involvement of phototropins in blue light-mediated Ca 2 + and H+ fluxes (Babourina et al., 2002) . The data in this study collectively provide evidence that CAM? acts as a transcriptional regulator and promotes photomorphogenic growth and lightregulated gene expression. However, the possible role of Ca 2 + or other divalent cation in CAM? -mediated Arabidopsis seedling development remains to be elucidated. For example, recent studies have suggested that Mg 2 + may structurally bridge the DREAM protein to DNA, whereas Ca 2 +-induced dimerization of DREAM disrupts DREAM-DNA interactions (Osawa et al., 2005) .
It has been predicted that, si milar to other proteins that have interacting protein partners, mutations in CaM might result in dominant-negative effects (Veitia, 2005) . Recent protein microarray analysis data also support such prediction (Popescu et al. , 2007) . The elongated hypocotyl phenotype and reduced expression of light-regulated genes conferred by the overexpression of CAM? -M2 could be attributed to dominant-negative interference of the light signaling pathways by CAM? -M2 protein . The alternate possibi lity of cosuppression of the endogenous CAM7 gene expression caused by overexpression of CAM 7-M2 seems to be less likely since the cam7 mutants do not display any altered photomorphogenic growth. Furthermore, cam7 cam3 double mutants also do not display any altered morphology. However, it could be possible that overexpression of CAM7-M2 cosuppresses endogenous CAM7 gene expression and one or more additional genes of the seven -member gene family of CAM (except CAM3) or the 50-member gene family of CML (CaM like) (McCormack et al. , 2005) . In either case, further study on identification and functi onal characterization of such genes is required to test the possibility.
HY5 is considered to be an important signal integration point of major branches downstream to all known photoreceptors (Jiao et al. , 2007) . The Z -and G-box have been shown to be functionally equivalent in the context of ZB F1 / MYC2 and ZBF2/ GBF1 transcription factors . Recently , genome-wide promoter target studies using ChiP-chip analysis have revealed that the Z-and G-box sequences are enriched in the promoter region of HY5 target genes (Lee et al. , 2007) . Therefore, it is possible that CAM? and HY5 regulate the expression of a common set of downstream genes in light signaling and have partially overlapping functions in lightdependent development. Although mutations in CAM7 do not cause any visible morphological defects, the expression of light-regulated genes is downregulated in cam7 mutants ( Figure  4H ). It could be envisioned that a coactivator (possibly one of the other CAMs or CAM -like proteins) may recognize both CAM? and HY5 proteins, which are already bound to the respective promoter elements. In the absence of CAM?, the coactivator and HY5 interaction might be sufficient (omitting the requirement for DNA binding of CAM?) to promote photomorphogenic growth , thus making CAM? protein functionally redundant. However, under this condition (in the absence of CAM?), the expression of the light-regulated genes is moderately downregulated. Alternatively, functional redundancy of CAM? may be due to the overlapping functions of light and another sig naling pathway working via CAM? protein. For example, Ca 2 +/CaM-mediated signaling has been shown to be involved in brassinosteroid biosynthesis and auxin signaling pathways (Yang and Poovaiah, 2000 ; Du and Poovaiah, 2005 ). HY5 has also been shown to act as a regulatory protein in auxin signaling (Sibout et al. , 2006) . Recent studies have revealed that seedlings that are deficient in gibberellin synthesis or signaling exhibit photomorphogenic growth in the darkness. Furthermore, these studies have shown that HYS is a point of crosstalk between light and jasmonic acid signaling pathways (Aiabadi et al., 2004 (Aiabadi et al., , 2008 . This study reveals that CAM? protein accumulates at higher levels in dark or at lower intensity of WL, which directly correlates with its physiological functions under such conditions (Figures 2  and 6 ). Under certain growth conditions, two bands of CAM? were detected in protein gel blot analyses , one of which might be a posttranslationally modified form of the protein. HY5 accumulates at a lower level at lower intensities of WL, and the level of HY5 protein increases with exposure to higher intensity of WL (Osterlund et al. , 2000) . The overexpression of full-length or truncated HY5 is unable to promote photomorphogenic growth or derepression of light-regulated genes in the darkness . On the other hand, CAM? overexpresser transgenic seedlings not only display partial photomorphogenic growth in the dark, but the light-regulated genes are also expressed under the similar conditions. Overexpression of CAM? in hy5 transgenic lines not only partially suppresses the hy5 phenotype in light, it also promotes photomorphogenic growth in the darkness ( Figure   58 ). Furthermore , accumulation of CAM? in hy5 transgenic lines fully restored the expression of light-regulated genes ( Figure 5G ) .
Collectively, this study demonstrates that CAM? acts as a positive regulator of photomorphogenic growth and light-regulated gene expression and highlights the concerted function of CAM? and HY5 in Arabidopsis seedling development (Figure 60 ).
METHODS
Transgenic Plants and Mutants
Plant growth and light conditions were as described by . The segregation ratios of self-fertilized plants heterozygous for cam7-1 or cam7-2 determined by the analyses of genotyping PCR (left border-specific primer LBP. 5' -GCGTGGACCGCTIGCTGCAACT -3 '; and CAM 7-specific primers LP15, 5' -GACCATCTCCTCTCCGTCTTI-GTCGAA-3 ', and RP15 , 5' -CGAATGTGTTICGTITACAGTICA-3 ') in T2 progeny suggested that a singleT-DNA locus was present in cam 7-1 or cam7-2 mutant lines. The junctions ofT-DNA and CAM7 were amplified by PCR , and the DNA sequence analyses revealed that the T-DNA was inserted at 225 and 113 bp upstream to ATG of CAM7 in cam 7-1 (salk_074336) and cam7-2 (Fiag_397A10), respectively. The hypocotyl length measurement data were analyzed by one-way analysis of variance using a post-hoc Dunnett test. All analyses were performed using the SPSS15.0 program .
For the generation of overexpresser transgenic lines, a 571 -bp fragment of eDNA was PCR amplified using primers with c -Myc sequence: FP , 5' -CATGCCATGGCAA TGAACATCTCAGAGTICAAGGAGGCTI -3 ' ; RP2A, 5' -GGAGA TI AGCTITIGTICACCGTICAAA TCTICTICAGAAA-TCAACTITIGTICACCGTCGAGCTIAGCCATCATGACTTIGACAAACTC-3'; RP2B , 5' -GACTAGTACCGTCGAGTCCGTICAAGTCTICTICTGAGAT-TAATITITGTICACGTICAAGTCTICCTCGGAGATIAGCTITIGTICAC-CGTICAAAT-3 ' . The PCR products were digested and cloned into the Ncol and Spel sites of pCAMBIA1303, and the transgenic lines were generated as described by .
The cam 7 hy5 double mutants were constructed by genetic crosses using hy5-ks50 (Wassilewskija) and cam 7-1 (Col) single mutants following similar methods described by . A segregated wild-type line of the T2 generation was used as a control to compare the phenotypic and molecular differences. The hy5 transgenic lines containing the 35S promoter-CAM7-c-Myc transgene were constructed by genetic crosses between hy5-KS50 and OE1 or OE2 transgenic plants containing the 35S promoter-CAM7-c-Myc transgene . For the complementation test, a 2.1-kb fragment conta ining CAM7 and its 1.5-kb upstream promoter region was cloned into the Nco I and Spel sites of pCAMBIA 1303, and the transgen ic lines were generated as described by .
Chlorophyll and Anthocyanin Measurements
Chlorophyll and anthocyanin levels were measured following protocols as described by Holm et al. (2002) . Briefly, seedlings were collected into microcentrifuge tubes, weighed . and crushed by a pestle in 700 >t-L of chilled 80 % acetone. Cellular debris was removed by centrifugation at 4°C, and the supernatant containing chlorophyll was collected into a fresh microcentrifuge tube, and volume was made up to 1 ml. Then the absorbance was measured at the wavelengths of 64 5 and 663 nm. The total chlorophyll content was calculated with the foll owing formu la: (20.2 x A 645 )-(8. 02 X A 663 ) = >t-g/ g of fresh tissue weight.
Arabidopsis thaliana Protoplast Transfecti on Assays
Arabidopsis protoplasts were isolated and transfection assays were performed following the methods described by Wang et al. (2005) . The CAM? Promotes Photomorphogenesis 1757 mutated Z-box used in CAB 1m promoter has been described by Yadav et al. (2002) .
RNA Gel Blot Analysis
For RNA gel blots, total RNA was extracted using the RNeasy plant mini kit (Qiagen) following the manufacturer's instructions. The DNA fragment of CAB I or RBCS gene was used as probe as described ) using a random priming kit (Megaprime; Amersham). To quantify the RNA gel blot data, the intensity of each band was quantified by the Fluor-SMultilmager (Bio-Rad) and ratios of the gene versus its corresponding rRNA band were determined and plotted (Fiuor-S -Multilmager; Bio-Rad).
Protein Analysis
The ligand binding screen (DNA binding to filter-immobilized protein) was performed as described . For EMSAs, CAM7 eDNA was cloned in pGEX4T-2 vector, and GST-CAM 7 was induced using 1 mM isopropylthio-13-galactoside and overexpressed in Escherichia coli. The overexpressed GST-CAM7 was affi nity pu rified following the manufacturer's protocol (GE). GST-CAM3, GST-CAM7-M1 , or GST-CAM7-M2 proteins were also purified similarly. EM SAs were performed as described (Ma llappa et al. , 2006) . Protein gel blot analysis was performed using the Super Signal West Pico chemiluminescent substrate kit (Pierce) following the instructions as desc ribed in the user's manual. Protein extracts were prepared from wild-type or transgenic seedlings. The seedlings (1 00 mg) were frozen in liquid nitrogen and ground in 300 >t-L of grinding buffer (400 mM sucrose, 50 mM Tri s-CI , pH 7.5, 10% glycerol. and 2.5 mM EDTA). and PMSF was added (0 .5 >t-L for every 100 >t-L of grinding buffer) . The protein extract was transferred to a fresh microcentrifuge tube and centrifuged at 5000 rpm for 5 mi n to pellet down the debris. The supernatant was transferred to a fresh tube. and an aliquot of 5 >t-L was taken out in a separate tu be for the estimation of protein by Bradford assay. Proteins were separated by 10% SDS-PAGE. Prestained protein markers (G E) were used for molecular mass determination. The samples were then transferred to Hybond C-Extra (Fermentas) at 100 mA for 2 h in transfer buffer (7 .56 g Tris. 47 g glycine, and 20% methanol in 2.5 liters) in a mini blot protein gel apparatus (GE) . The membrane was blocked with 5% milk in PBS (1 0 mM Na 2 HP04 • 1.8 mM KH 2 P04 , 140 mM NaCI. and 2.7 mM KCI) and probed with c-Myc polyclonal antibodies or anti-Actin monoclonal antibodies (Sigma-Aldrich). The ChiP assays were essentially performed as described (He et al. , 2005) . The sequence of primer pairs (resulting products of -500 bp) used were as follows: N/A2-PROMO-FP, 5 '-CTATACATGTTTCCGAGACG-3' ; N/A2-PROMO-RP, 5' -AGTATCGTGCCGAATCACACG-3' ; CABI -PROMO-FP, 5' -GGTTIACATIGATGCTCTCAGGATTIC-3 ' ; CABI -PROMO-RP. 5' -CGTGGTI AA TGGCTCGCACTICGC-3'.
Real-Time Quantitative PCR
Total RNA was iso lated using the RNeasy plant minikit (Qiagen) extraction kit according to the manufacturer's protocol. eDNA was synthesized from 1 >'g of the total RNA using RT-AMV reverse transcriptase (Roche). Realtime PCR was performed using Light Cycler fasts tart DNA MasterP"'s SYBR Green1 (Roche). Values were normalized with the amplification of Actin as a constitutively expressed internal control. Primers used were as follows : CABI-FP, 5' -CCCATTICTTGGCTTACAACAAC-3' ; CABI-RP, 5' -TCG-GGGTCAGCTGAAAGTCCG-3' ; RBCS-1 A -FP, 5' -GAGTCACACAAAGA-GTAAAGAAG-3' ; RBCS-IA -RP, 5' -CTIAGCCAATTCGGAATCGGT-3' .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank!EMBL databases under accession numbers AM422556 (Z BF3/ CAM7) and At1 g37130 (NIA2).
Supplemental Data
The following materials are avai lable in the online version of this artic le. Arabidopsis GBF1/ZBF2 is a bZIP transcription factor that plays dual but opposite regulatory roles in cryptochrome-mediated blue light signaling. Here, we show the genetic and molecular interrelation of GBF 1 with two well characterized negative regulators of light signaling, COPl and SPAl, in photomorphogenic growth and light-regulated gene expression. Our results further reveal that GBFl protein is less abundant in the darkgrown seedlings and is degraded by a proteasome-mediated pathway independent of COPl and SPAL Furthermore, COPl physically interacts with GBFl and is required for the optimum accumulation of GBFl protein in light-grown seedlings. Taken together, this study provides a mechanistic view of concerted function of three important regulators in Arabidopsis seedling development.
Supplemental
Light is an important environmental factor for plant growth and development (1 -3). Three distinct families of photoreceptors are involved in perception of various wavelengths of light: far-red and red light by phytochromes (phyA to phyE), blue and UV -A light by cryptochromes (cry1 to cry3) and phototropins (photl and phot2) (3) (4) (5) (6) . Recent studies demonstrate that, by altering the subcellular localization patterns, light controls the activity of photoreceptors, The cytosolic phytochromes are translocated into the nucleus upon light-mediated activation. Whereas cry2 is constitutively localized in the nucleus, cryl is nuclear in the dark and is mostly cytoplasmic in the presence of light. cry3 has recently been shown to be transported into the chloroplast and mitochondria. Phototropins are mostly associated with the plasma membrane, and at least some fraction of photl is released into the cytoplasm upon light-mediated activation (7) (8) (9) (10) .
Significant progress has been made in recent years in understanding the functions of various downstream components in phytochrome signaling (1-3). However, similar information in cryptochrome-mediated blue light signaling is largely unknown (3, 5) . Several regulatory proteins, including HY5, HYH, AtPP7, HFR1, SUBl, HRBl, OBP3, MYC2 /ZBF1 , and GBF1 /ZBF2, have been reported to function in cryptochrome-mediated blue *This work is supported in part by a Ramanna Fellowship grant from the Dept. of Science and Tech nology, Government of India (to S. C). The costs of publicat ion of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 
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light signaling (11) (12) (13) (14) (15) (16) (17) (18) (19) . Among these regulatory proteins, HYH, AtPP7, MYC2, and GBFl are specifically involved in blue lightmediated photomorphogenic growth. Photomorphogenesis is associated with several physiological responses that include: opening of apical hooks, expansion of cotyledons, inhibition of hypocotyl elongation, far-red light controlled blocking of greening, and accumulation of chlorophyll and anthocyanin (20 -23) . The expression of about onethird of the total genes in Arabidopsis is altered during the shift from skotomorphogenic to photomorphogenic growth (24, 25) . COP1 acts as an ubiquitin ligase and helps to degrade the photomorphogenesis-promoting factors such as HY5, HYH, LAFl, and HFR1 in the dark (15, 26 -30) . The copl mutant seedlings show photomorphogenic growth in darkness, hypersensitive responses to light and less lateral roots as compared with wildtype plants (31, 32) . Recent studies have shown that COPl interacts with SPA1 , and this interaction modulates the proteasome-mediated degradation of HY5, HFR1, and LAFl (33) (34) (35) (36) (37) . SPA1 was originally isolated as a negative regulator of far-red light signaling. The spal mutants are hypersensitive to far-red light, red light, and blue light (33, 38, 39) .
A group of bZIP transcription factors (GBFs) 3 has been isolated that can specifically interact with the G-box, one of the four light-responsive elements commonly found in the lightregulated promoters (40) (41) (42) (43) (44) (45) . The subcellular localization studies indicate that the light-controlled nuclear translocation is one of the important mechanisms for the activities of GBFs (46), However, the specific functions of most these genes in vivo have yet to be defined. Recently, GBF1/ZBF2 has been identified in a Southwestern screen using the Z-box light-responsive element as ligand (19) . The investigation of physiological functions of GBFl has revealed that it functions in cryptochromemediated blue light signaling and plays a dual but opposite regulatory role in Arabidopsis seedling development (19) . In this study, we show the functional relationships of GBF1 with two well-characterized negative regulators of light signaling, COP1 and SPA1, in Arabidopsis seedling development.
EXPERIMENTAL PROCEDURES
Plant Materials, Growth Conditions, and Generation of Double Mutants-Surface-sterilized seeds of Arabidopsis thaliana
were sown on MS plates, stratified at 4 ·c in darkness for 3-5 3 The abbreviations used are: GBFl, G-box binding factor 1; ZBF2, Z-box bind- The Arabidopsis growth conditions and the intensities of continuous light sources used in this study have been described in a previous study (18) . For the generation of double mutants, such asgbf1-1 cop1-4,gbf1-1 cop1-6, or gbf1-1 spa1-1 homozygous gbf1-1 mutant plants were crossed individually with cop1 -4, cop1-6, or spa1-1 homozygous mutant lines. In F2 generation, seedlings were grown in WL {60 mmol m -2 s-1 ) for the identification of cop1 -4 or cop1-6 homozygous lines, or FR (40 mmol m -2 s -t) for spa1-1 homozygous lines, and seedlings with typical short hypocotyls phenotype of cop1 mutants were selected and transferred to soil. For spa 1, seedlings were kept in WL for 2 days and then short hypocotyls phenotype spa1 mutants were transferred to soil. To determine the genotype at gbf1locus, -40 seedlings from each line were tested by genomic PCR. F3 progeny that are homozygous for gbf1 -1 mutant plants were further examined and considered as gbf1 cop1-4, gbf1 cop1-6, or gbf1 spa1 double mutants. Blocking of greening phenotype of cop1 andgbf1 cop1 was done as described before {47) . Root growth and flowering phenotype experiments were carried out essentially as described (19) . FR-mediated blocking of greening phenotype was carried out as described {33).
For 26 S proteasome inhibitors (MG132, MG115, and N-acetyl-leucyl-leucyl-norleucinal) and DMSO treatments, the seedlings were grown under required light conditions (as mentioned in the figure legends) and then seedlings were collected by forceps and incubated in liquid MS medium (Sigma) containing proteasome inhibitor {50 1-LM dissolved in DMSO) or containing 0.1% DMSO under required conditions as indicated in text for 12 h. At the end of the incubation, the seedlings were thoroughly washed with liquid MS medium three times to remove residual proteasome inhibitor or DMSO, and the seedlings were either incubated in liquid MS medium for different time points as indicated in text or frozen in liquid nitrogen for total protein extraction.
Affinity Purification of GBFJ Antibody-The antibody of GBFl was raised against N-terminal GBFl protein {from 1 to 172 amino acids) by Bangalore Genei, Bangalore, India. The steps of affinity purification of antibodies are given below.
Ligand coupling: 2-3 mg of 6X His-~N-ZBF2 protein was dialyzed against 13% polyethylene glycol 8000 in coupling buffer (0.2 M NaHC0 3 , 0.5 M NaCI, pH 8.3) to concentrate to 1 ml. The top cap of the NHS-HP column was removed, and a drop of ice-cold 1 mM HCl was added to avoid air bubbles. A Hi-Trap adaptor was connected to the top of the column. Isopropanol in the column was washed with ice-cold 1 mM HCl with a flow rate of 1 ml /min. Immediately afterward, 1 ml of ligand solution was injected into the column, and the column was left to stand for 4 h at 4 ' C. Any excess active groups not coupled to the ligand were deactivated and washed out by washing with Buffer A (0.5 M ethanolamine, 0.5 M NaCI, pH 8.3) and Buffer B (0.1 M sodium acetate, 0.5 M NaCI, pH 4.0). Finally, 2 ml of phosphate-buffered saline buffer with neutral pH was injected.
Antibody purification: A blank run was performed before the experiment to ensure loosely bound ligand is washed off. The column was prepared by washing with 3 ml of start buffer {phosphate-buffered saline) and 3 ml of elution buffer {100 mM DECEMBER 19, 2008 • VOLUME 283· NUMBER 51 lnterplayofGBF1, COP7, and SPA 1 glycine, pH 2.5). The column was equilibrated with 10 column volumes of start buffer. Antibody sample was adjusted to the composition of start buffer. This was done by diluting the sample with start buffer. The sample was filtered through a 0.45 1-Lm filter before it was applied to the column. Antibody sample was applied using a syringe fitted to luer adaptor. A flow rate of 0.2-1 ml/min was maintained. The column was incubated for 4 -6 h in a cold room. Then the column was washed with 5-10 column volumes of start buffer, until no material was left in the effluent. Antibody was eluted with 1-3 ml of elution buffer. Column was re-equilibrated by washing with 5-10 column volumes of start buffer. Column is stored in storage buffer {0.05 M sodium phosphate buffer, 0.1% sodium azide, pH 7.0).
Total Protein Extraction from Arabidopsis-The seedlings (100 mg) were frozen in liquid nitrogen and ground in 300 ILl of grinding buffer (400 mM sucrose, 50 mM Tris-CI, pH 7.5, 10% glycerol, 2.5 mM EDT A), and phenylmethylsulfonyl fluoride was added (0.5 ILl for every 100 I-Ll of grinding buffer). The protein extract was transferred to fresh microcentrifuge tube and centrifuged at 5000 rpm for 5 min to pellet down the debris. The supernatant was transferred to a fresh tube, and an aliquot of 5 ILl was taken out in a separate tube for the estimation of protein by Bradford assay. To the rest of the protein extract, appropriate volume of 4 X sample buffer (200 mM Tris-Cl, pH 6.8, 400 mM dithiothreitol, 4% SDS, 0.025% Bromphenol Blue, 20% glycerol), i.e. 1/4th of grinding buffer = volume of 4X sample buffer, was added and boiled for 5 min before loading on SDS-PAGE.
Western Blot Analysis-Western blotting was performed using the SuperSignal West Pico chemiluminescent substrate kit (Pierce) and following the instructions as described in the user's manual provided by the manufacturer. The samples were then run on SDS-PAGE gel and transferred to Hybond ECL nitrocellulose membrane (GE Healthcare) at 100 rnA for 2 h in transfer buffer (Tris (7.56 g), glycine ( 47 g), 20% methanol in 2.5 liters) in Mini blot protein gel apparatus (GE Healthcare). 40 1-Lg of total protein was used for Western blot analysis. The membrane was stained with Ponceau-S to confirm the protein transfer and washed with sterile milli-Q water. The membrane was then incubated for 1 h in 2 ml of blocking buffer (5% nonfat dry milk in Tris-buffered saline and 0.05% Tween 20) at room temperature with shaking. The blocking reagent was removed, and the affinity-purified primary antibody diluted (1:300 to 1:500) in 15 ml of blocking buffer with 0.05% Tween 20 was added and incubated for 2 h with shaking at room temperature. The membrane was then washed with 15 ml of wash buffer (Tris-buffered saline and 0.05% Tween 20) for thrice, 5 min each. The secondary antibody, conjugated with horseradish peroxidase diluted (1:20,000) in 15 ml of blocking buffer with 0.05% Tween 20, was added and incubated for 1 h with shaking at room temperature. The membrane was washed with 15 ml of wash buffer for five times at room temperature. T he working solution of substrate was prepared by mixing peroxide solution and luminol/enhancer solution in 1:1 ratio, and the blot was incubated in that working solution for 5 min in darkness. The blot was then removed from the working solution and covered with plastic wrap in a cassette and exposed to x-ray film for different times.
.., The actin band probed with anti-actin (Catalog no. AOA80, Sigma) antibodies was used as a loading control.
Protein-Protein Interaction Studies-In vitro binding assay: GST and GST -GBF1 fusion proteins were expressed in Escherichia coli strain (BL21/DE3) and purified using glutathione-agarose beads (GE Healthcare) as described (18) . About 5 mg of GST or GST-GBFl was bound to the glutathioneSepharose 4B beads by incubating for 2 hat 4 ·c. Beads were washed and incubated with COP!-6His (5 mg) for overnight at 4 •c. Beads were washed thrice with the binding buffer, boiled with the loading dye, and loaded onto the SDS-PAGE. The blot was probed with anti-COP! antibodies. To generate constructs for yeast two-hybrid assays, full-length GBFJ and HYS were cloned into pGADT7 vector with ECORl -BamH1 and Nde1-Clal restriction sites, respectively, to produce translational fusion s with the activation domain. To generate DBD-COP1, an EcoR1-Pstl PCR fragment of full-l ength COP 1 was cloned into the corresponding sites of the vector pGBKT7 (Clontech) to produce translational fusion with DNA binding domain. The constructs were transformed into Yeast strain AH109 according to the Clontech protocol. Expression of AD-GBFl and AD-HY5 fusion proteins were examined by hemagglutinin and DBD-COPl by c-Myc antibodies. The protein-protein interactions were examined by {3-galactosidase assays. The relative {3-galactosidase activities were calculated according to Clontech instructions. In vitro The coimmunoprecipitation experiment was as follows: ~5 mg of anti-GST antibodies was bound to protein A-agarose beads by incubating for 6 h at 4 ·c. After washing the beads bound to the antibodies, GST-GBFl and COP1-6His proteins were added and incubated for overnight at 4 ·c in a 250-ml reaction volume. Beads (pellet) were washed thrice with the binding buffer, boiled with the loading dye, and loaded separately along with the supernatant onto SDS-PAGE. The blot was probed with anti-COP1 antibodies.
Chlorophyll and Anthocyanin Measurements-Chlorophyll and anthocyanin levels were measured following protocols as described in a previous study (15) .
Quantitative Real-time PCR Analyses-Wild-type and different mutant seedlings were grown under required conditions. Total RNA was extracted from seedlings at diffe re nt time points using an RNeasy Plant Mini Kit (Qiagen), and eDNA were synthesized from total RNA using a Titan One T ube RT-PCR system (Roche Applied Science) following the manufacturer's instructions. Real-time PCR analyses of gene expression were carried out by using LightCycler® FastStart DNA Master-PLUS SYBR Green I (Roche Applied Science) and LightCycler® 2.0 system (Roche Applied Science). Primer sequences used for PCR amplification of CAB1 were 5' -CCCA TTTCTTGGCTT-ACAACAAC-3' and 5'-TCGGGGTCAGCTGAAAGTCCG-3' ; primers for RBCS-1A were 5' -GAGTCACACAAAGAGT-AAAGAAG-3' and 5'-CTTAGCCAATTCGGAATCGGT-3'; primers for ADHI were 5' -CCGAAAGACCATGACAAGCCAA-3' and 5'-GATGCAACGAATACTCTCTCCC-3 '; primers for ACTIN2 were 5'-GCCATCCAAGCTGTTCTCTC-3' and 5' -GCTCGTAGTCAACAGCAACAA-3'. The transcript levels are normalized to the level of ACTIN2 transcript abundance.
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RESULTS
The Photomorphogenic Growth of cop1 Mutants in Dark Is
Enhanced in gbf1 cop1 Double Mutants-Acting as an E3 ubiquitin ligase, COPl helps to degrade or stabilize several regulatory proteins in darkness and thereby suppresses photomorphogenesis. The cop1 mutants display photomorphogenic growth in the dark and hypersensitive responses to various wavelengths oflight. We ask whether the BL-specific transcription factor, GBFl, which plays both positive and negative regulatory roles in light signaling, is functionally related to CO Pl. Among the various alleles of copl mutants identified and characterized, copl-4 and cop1-6 mutants are relatively weak alleles, and copl-6 mutants display shorter hypocotyl than cop1-4 in the darkness. Because the null alleles of cop 1 are seedling-lethal, we chose cop1 -4 and cop1-6 mutants for our studies. Whereas cop1-4 encodes a truncated COP1 terminated at amino acid 282, cop1-6 allele contains an in-frame five-amino acid insertion between codons 301 and 302.
To determine the genetic interactions between COP1 and GBFJ, we constructedgbf1-1 cop1-4 andgbf1-1 copl-6 double mutants and investigated the morphology of the double mutants in darkness and various light conditions. Although gbf1 seedlings did not exhibit any altered morphology in darkness, gbf1 cop1 double mutants exhibited shorter hypocotyl than copl mutants, suggesting thatgbf1 and copl function synergistically in repressing photomorphogenic growth in the darkness (Fig. !A) . We then examined the growth of 6-day-old gbfl copl double mutants under various light conditions, including red light (RL), far-red light (FR), and blue light (BL). The gbf1 cop1 double mutants were significantly shorter than cop1 or gbf1 single mutants in BL (Fig. lB) , indicating an additive effect of gbf1 and cop1 mutations on BL-mediated inhibition ofhypocotyl elongation. However, in WL (white light), RL, or FR, gbfl cop1 seedlings were morphologically indistinguishable from cop1 single mutants, suggesting that cop1 is epistatic to gbf1 in WL-, RL-, or FR-mediated inhibition of hypocotyl elongation (Fig. 1, C-E) .
Although GBFl plays a negative regulatory role in BL-mediated inhibition of hypocotyl elongation, it acts as a positive regulator of cotyledon expansion. The cotyledons ofgbfl mutants are less expanded compared with corresponding wild-type seedlings (19) . The BL-grown copl -4 mutant s~edlings have more expanded cotyledons than wild type, however this effect is less prominent in copl -6 mutant seedlings. Examination of the cotyledon size revealed thatgbfl copl double mutants have cotyledon size similar to wild-type seedlings suggesting that GBFl and COPl function antagonistically in regulating the BL-mediated cotyledon expansion (Fig. lf) .
The mutants displayed higher percentage of fusca phenotype at higher intensity of WL (Fig. 2, A and B) . Consistent with this observation, the quantification of anthocyanin levels revealed an increase in anthocyanin accumulation in gbfl copl double mutants as compared with copl alone (Fig. 2C) . The dark-grown copl mutants are sensitive to high intensity light, and some of them do not turn green when transferred to light. The COPl-mediated blocking of greening phenotype becomes more intense with longer incubation in the darkness {47). We examined the blocking of greening effects ingbfl copl double mutants. A lower percentage of gbfl copl double mutants than copl alone were able to turn green when 5-dayold dark-grown seedlings were transferred to light (Fig. 2D) that the chlorophyll content of gbfl cop] double mutants was lower than either of the single mutants (Fig. 2£) .
The Altered Root Growth and Flowering Time of copl Mutants Are Enhanced by Additional Loss of Function ofGBFl-Both copl
and gbfl plants show less number of lateral roots compared with wild-type plants, although the effect is more pronounced in copl mutants. To determine the genetic relationships between copl andgbfl mutant plants in lateral root formation, we examined the root growth of 16-day-old gbfl copl double mutants and compared with copl or gbfl single mutants. As shown in Fig. 3A spal mutant were originally identified, which showed similar morphological defects. Among these, in spal-1 mutants, SPAl carries a single base pair substitution resulting in a stop codon, and thereby produces a 848-amino acid truncated protein.
Because analyses ofgbfl cop1 double mutants reveal functional interrelation between GBFl and COP1, we ask whether GBFl is also functionally connected to SPA 1.
To examine possible genetic interactions between gbfl and spal, we constructedgbf1-1 spa1-1 double mutants and examined their growth in darkness and various light conditions. The dark-grown gbfl spal double mutant seecllings showed wildtype phenotype, similar to gbfl or spal single mutants. In WL and BL, the enhanced inhibition ofhypocotyl elongation caused by gbfl mutations was found to be similar to spal. The gbfl spal double mutants displayed hypocotyl length similar to gbfl or spa1 single mutants, suggesting that gbfl and spa1 act independently in WL-and BL-mediated inhibition of hypocotyl elongation (Fig. 4,A and C) . However, under RL or FR,gbfl spal double mutants showed similar hypocotyllengths to spal, suggesting spal is epistatic to gbfl in RL-or FR-mediated inhibition of hypocotyl elongation (Fig. 4, B and D found to be similar to spal in BL, suggesting that spal is epistatic to gbf1 in BL-mediated cotyledon expansion {Fig. 4£).
Genetic Interactions between GBFJ and SPAJ Modulate Physiological Responses and Root
Growth-When grown in RL and FR, spal mutants accumulate higher levels of anthocyanin than wild-type seedlings. Althoughgbf1 mutants do not display significant difference in anthocyanin accumulation as compared with wild type, the anthocyanin content ofgbfl spa1 double mutants was drastically increased as compared with corresponding single mutants in BL (Fig. SA) . On the other hand, accumulation of anthocyanin in gbf1 spal double mutants was found to be similar to spal alone in WL and FR (Fig. 5, Band C) . Pre-exposure to FR of Arabidopsis seedlings prevent greening when seedlings are subsequently exposed to WL. To determine the FR-mediated blocking of greening effect ingbfl spa] double mutants, we grew the seedlings in FR for 3 days and then transferred them to white light. Whereasgbfl or spal mutant seedlings showed -20 -80% of pale green phenotype with no visible VOLUME 283 · NUMBER 51 ·DECEMBER 19, 2008 bleaching effects, > 40% gbfl spal double mutants were completely bleached out (Fig. SD) . However, because gbfl and spal mutants are in different ecotype backgrounds, the slight differences in bleaching effects may be attributed to such background differences. Measurement of chlorophyll contents showed dramatic reduction in accumulation of chlorophyll in gbfl spal double mutants as compare with gbfl or spal single mutants (Fig. 5£) .
To determine whether mutation in SPAI could modulate the lateral root formation ingbfl, we examined the root growth of gbfl spal double mutants. Examination of root growth of 16-day-old adult plants revealed that spal single mutants also DECEMBER 19, 2008 · VOLU ME 283 · NUMBER 51 produced less lateral roots similar to gbfl mutants, and the effect was more severe in spal mutants thangbfl (Fig. Sf) . The number oflateral roots formed in gbfl spal double mutants was found to be between the number of lateral roots formed in gbfl or spal single mutants at 16-day-old plants, suggesting that GBF1 and SPA1 function antagonistically in controlling the lateral root formation (Fig. Sf) .
The Modulation of Light-inducible Gene Expression by GBF 1, COPI, and SPAI -The light-mediated induction of CAB and RBCS gene expression is differentially regulated by GBFl. Whereas GBFl acts as a positive regulator of CAB, it acts as a negative regulator of RBCS gene expression. To determine the effect of genetic interactions between gbfl and copl or spal mutants on light-regulated gene expression, we monitored the induction of CABJ and RBCS-IA genes in BL by quantitative real-time PCR. For this experiment, 5-day-old dark-grown seedlings were exposed to BL for 8 h. In dark-grown seedlings, the expression of CABI was found to be significantly higher in copl or spal mutants as compared withgbfl or wild-type backgrounds. Similar higher level expression was detected in corresponding double mutants (Fig. 6A ) . Consistent with the earlier results {19), the BL-mediated induction of CABl was significantly reduced ingbfl mutants as compared with wild type (Fig.  6A) . The higher level induction of CABI in copl mutants was also reduced ingbfl copl double mutants after 8-h exposure to BL, suggesting thatgbfl and copl may function antagonistically in regulating the expression of CABI. On the other hand, the level of induction of CABI was significantly elevated in spal mutants as compared with wild type and remained about the same in gbfl spal double mutants with no detectable effect of (Fig. 6A ). These results demonstrate that SPA! acts as a negative regulator of CABl expression and spal is epistatic to gbfl in BL-mediated induction of CABl expression.
The level of expression of RBCS-JA was found to be higher in copl and also ingbfl copl double mutants in dark-grown seedlings (Fig. 6B ) . However, no elevated level of expression of RBCS-lA was detected either in spal or gbfl spal double mutants in darkness. The light-induced expression of RBCS-JA was significantly elevated ingbfl copl double mutants as compared with gbfl or copl single mutants, suggesting an additive function ofGBFl and COP! in the regulation of RBCS-JA gene expression in BL. Similar additive function of GBFl and SPA! was also detected in BL-mediated induction of RBCS-lA gene expression (Fig. 6B) .
GBFl Accumulates at a Lower Level in Dark-grown Seedlings-The stability of the regulatory proteins plays an important role in light-mediated seedling development. Earlier studies have shown that GBFl mRNA was present at higher level in darkness as compared with WL-grown seedlings. Furthermore, it has also been shown that the accumulation of GBFl protein remains at the similar levels in darkness and lower intensity of WL. To further test and expand our understanding about the pattern of accumulation of GBFl protein in wild-type background, we grew the seedlings in darkness or at various fluence rates of WL and performed immunoblot analyses. It is worth mentioning here that, although the affinity-purified antibody to GBFl is sufficiently specific to monitor the level of GBFl protein, it cross-reacted with a protein band (also present in gbf l null mutant background) that migrates just below GBFl. Furthermore, to examine whether the affinity-purified antibody of GBFl used in this study was able to cross-react with GBF2 or GBF3 proteins, we performed Western blot analyses using purified GST -GBFl, GST -G BF2, and GST -GBF3 proteins. However, no cross-reactivity was detected (Fig. 7 £) .As shown in Fig.  7A , whereas the GBFl protein accumulated to a lower level in darkness or at lower intensity of WL, the level of GBFl protein increased at higher fluence rates ofWL. To determine kinetics of accumulation of GBFl protein, we transferred 4-day-old dark-grown seedlings to WL for various time points. GBFl protein was detectable at lower levels in dark-grown seedlings, and the level of accumulation of the protein increased with longer exposure to WL (Fig. 7 B) . These results collectively suggest that GBFl protein accumulates to a lower level in darkness and at lower intensity of WL, however it accumulates at higher levels at higher fluence rates of WL.
Because GBFl is a BL-specific transcription factor, we wanted to determine whether the light-mediated accumulation of GBFl protein is specific to a particular wavelength of light. To address this question, seedlings grown in the constant darkness or various wavelengths of light were used. As shown in Fig.  7C , although slightly increased levels of accumulation of GBFl protein were detected in RL and FR, the level of accumulation was found to be maximum in WL and BL. To further test these results, we transferred dark-grown seedlings to RL, FR, or BL for various time points and monitored the GBFl protein level. Similar to WL, GBFl protein accumulated at higher levels in seedlings exposed to BL (Fig. 7D) gbf1 indicates immunoblot using 6-day-old constant RL, FR, or BL grown gbf1 seed lings. E, specificity of affinity-purified GBF1 antibody. lmmunoblot analysis of GST-GBF1 and GST-GBF2 and GST-GBF3 proteins. Affinitypurified GBF1 antibodies were used as primary antibody for detection. The same blot was probed with anti GST antibody to show equal loading (star).
protein, there was hardly any increased level of accumulation of the protein in FR (Fig. 7 D) . Taken together, these results suggest that light-mediated accumulation of GBFl is more prominent in BL and WL.
Degradation of GBFl in Dark Is Independent of COP 1 and SPAl -To determine the possible roles of COP! or SPA! in the accumulation of GBFl protein, we examined the level of GBFl in copl or spal mutant backgrounds in dark-and light-grown conditions. As shown in Fig. 8A , the level of GBFl protein was similar in copl, spal, and wild-type seedlings in darkness, suggesting that COP! or SPA! are not involved in the reduced stability of GBFl protein in the darkness. In contrast, the level of GBFl protein was significantly reduced in WL-grown copl or spal mutants as compared with wild-type seedlings (Fig. BB) . However, the effect of copl or spa l mutations was not seen at lower fluence rates of WL (Fig. BB) . Because the accumulation of GBFl was found to be higher in BL similar to WL, we examined whether COP! and SPA! were also required for the stability of GBFl in BL. We performed immunoblot experiments using seedlings grown in BL. As shown is Fig. 8C , whereas there was a slight reduction (if any) in the level of GBFl protein in spal mutants, a drastic reduction in the accumulation ofGBFl was detected in copl mutant backgrounds in BL. The GBFl protein levels did not alter in hyS and hyh mutant backgrounds The differential regulation of GBF 1 in CABl and RBCS-lA gene expression is almost nullified in gbfl copl and gbfl spal double mutants, because both the genes are expressed at higher levels in double mutant backgrounds (Fig. 6) . However, the lightinteraction between COP1 and GBFl in yeast cells. Finally, we performed an in vitro coimmunoprecipitation experiment to further substantiate the physical interaction between GBFl and COP1 proteins. As shown in Fig. lOC , GBFl interacted with COP1 in an in vitro interaction assays using recombinant proteins. Approximately 11% of the added COP1 protein was coimmunoprecipitated with GST -GBFl, whereas < 0.8% of the added COP1 was able to bind to GST alone. Taken together, these results demonstrate that GBFl can physically interact with COPl.
DISCUSSION
In this study, we establish the genetic and molecular relationships of a BL-specific transcription factor, GBFl, with two well characterized negative regulators of light signaling, COP1 and SPA1 in photomorphogenic growth and light-regulated gene expression. This study further demonstrates that GBFl protein is less abundant in the dark-grown seedlings and is degraded by a proteasome-mediated pathway independent of CO P1 and SPAl. On the other hand, COP1 physically interacts with GBFl and is required for the optimum accumulation ofGBFl protein in light-grown seedlings (Fig. 10D) .
The Integrated Functions ofGBFl, COPJ, and SPAl in Photomorphogenic Growth and Light-regulated Gene Expression-The double mutant analyses reveal that GBFl and COP1 function redundantly in the dark to suppress photomorphogenic growth. The enhanced inhibition of hypocotyl elongation displayed by gbfl mutants in WL requires functional COP1, however not in BL (Fig. 1) . Thus, whereas GBF1 requires COP1 function in darkness to suppress photomorphogenic growth, these two proteins are likely to function in parallel pathways and in mediated enhanced expression of CABl in copl mutants was significantly reduced in gbfl copl double mutants suggesting that COP1 and GBFl might play antagonistic roles in the regulation of CABl gene expression. The expression of CABl was derepressed in the dark in spal mutants, however no such effect of spal mutation was detected on RBCS-lA gene expression. The higher level expression of RBCS-lA in copl or gbfl mutants was further enhanced in gbfl copl and gbfl spal double mutants. Therefore, GBFl functions in an additive manner with COP1 or SP AI, and thus likely acts in parallel pathways to regulate the expression of RBCS-lA.
Accumulation of GBFl Depends on the Presence of COP 1 and SPAl in Light-grown Seedlings-Light-regulated shuttling of COP1 between the nucleus and cytoplasm is an important regulatory mechanism of light-mediated seedling development (3, 27) . COPl degrades several photomorphogenesis promoting factors in the dark to suppress photomorphogenic growth in the darkness. SP A1 is an associated factor of COP 1 for the degradation of some of these regulatory proteins such as HYS, LAFl, and HFR1 (28, 29, (33) (34) (35) (36) . On the contrary, COP1 positively regulates PIF3 accumulation in darkness (48) .
Our results demonstrate that, whereas COP1 and SPAl are not associated with the stability of GBFl protein in the dark, functional COP1 protein is required to maintain the stability of GBF1 protein in WL and BL. This study further demonstrates that GBFl physically interacts with COP1, suggesting a direct role of COPl in maintaining the stability of GBFl protein. GBFl plays both negative and positive regulatory roles in Arabidopsis seedling development. Higher level accumulation of GBFl results in elongated hypocotyls, however more expanded cotyledons (19) . Therefore, a fine-controlled level of GBFl is likely to be essential to obtain light-mediated optimum photo-
